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It has recently been demonstrated that quantum degenerate gases of very weakly 
bound molecules can be produced by atomic gases with Feshbach resonances1-5. 
More strongly bound molecules can be produced with Raman photoassociation of 
a quantum gas6-8, although this process has not yet been shown to produce a 
quantum degenerate molecular gas. In principle, Feshbach resonance and Raman 
photoassociation can be quantum-mechanically reversible, and lead to collective 
coherent phenomena such as Rabi cycling between an atomic and a molecular gas9-
11. However, such atom-molecular coherence has only partly been realized 
experimentally12. Effects that may limit coherence include thermalizing elastic 
collisions, inelastic collisions, spontaneous Raman scattering6-8,11, and pairing field 
formation13-15. Here, we demonstrate a method that circumvents these limitations, 
based on Raman photoassociation of atoms in an optical lattice and driven into a 
Mott insulator state16--18, as proposed by Jaksch et al.19. We find that the Raman 
photoassociation transition is resolved into discrete lines corresponding to the 
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quantized lattice site occupancies, and demonstrate that this provides a new 
method to accurately determine the distribution of site occupancies and the atom-
molecule scattering length. Furthermore, we observe a Raman-induced oscillation 
of the central core of the gas, containing about 30% of the atoms, between an 
atomic and a molecular gas. This is the first demonstration of the quantum-
mechanically reversible production of a molecular quantum gas, and of the 
formation of a molecular quantum gas in more deeply bound states by Raman 
photoassociation. This result may lead to further studies of molecular quantum 
gases, to the production of quantum gases of ro-vibrational ground state19 or 
heteronuclear20 molecules, or to new techniques for quantum information 
processing with atoms in optical lattices21. 
The recent observation18 of a quantum phase transition between a superfluid and a 
Mott insulator state of a Bose gas16,17 was an important building block of our 
experiment. Such a transition can be generated when an optical lattice potential of the 
form V(x,y,z,t) = V0(t)[sin2(kx) + sin2(ky) + sin2(kz)] is superimposed onto a Bose-
condensed gas. This potential arises from the optical dipole force from six interfering 
laser beams of wavelength λ and wavevector k = 2π/λ. As first emphasized by Jaksch et 
al.17, this system provides an almost perfect laboratory realization of the Bose-Hubbard 
model16. In this model, identical bosons in a lattice evolve according to the Hamiltonian  
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In this expression, the index i labels the lattice sites, ni = ai+ai is the atomic number 
operator for site i, with ai+ and ai the raising and lowering operators for site i, and εi is 
the single particle energy for site i. The second summation is over all distinct pairs of 
nearest neighbor sites. The term proportional to J accounts for hopping of particles 
between nearest neighbor sites, which occurs in the experiments by quantum-
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mechanical tunneling. The term proportional to U gives the contact energy between 
particles, which arises in the experiments from elastic collisions. At zero temperature, 
the Bose-Hubbard model exhibits a quantum phase transition from a superfluid state at 
low values of U/J to a Mott insulator state for large values of U/J. In a homogeneous 
Mott insulator state, the number of particles in each site is nearly fixed to some identical 
integer value. 
Each cycle of our experiment began with the production of a Bose-Einstein 
condensate22,23 of 87Rb atoms in their | f=1, mf = −1〉 state, where f and mf give the total 
spin and laboratory spin projection quantum numbers of the atom. We could adjust the 
total number of atoms N to be any value between 1 × 105 and 2 × 106, with an initial 
condensate fraction of at least 80%. The condensate was trapped in a “cloverleaf” type 
magnetic trap24 with trapping frequencies of ωr/2π  = 20.7 Hz and ωz/2π  = 11.6 Hz. We 
then imposed an optical lattice formed by six TEM00-mode Gaussian laser beams of 
wavelength λ = 830 nm, arranged in three counter-propagating beam pairs. One beam 
pair was aligned along the weak (z) axis of the magnetic trap, and had a waist size of 
130 µm; the other two beam pairs were aligned perpendicular to the weak axis of the 
magnetic trap and to each other, and had waist sizes of 260 µm. Interference between 
the three beam pairs was suppressed by orienting their polarization vectors to be 
mutually perpendicular and by imposing frequency shifts between them. In the 
experiments, we ramped the lattice height V0 from 0 to some maximum value V0m in 50 
ms, with V0m larger than the value 13.0 ER at which the superfluid-to-insulator transition 
occurs for our conditions. Here, ER = (hk)2/2M is the single-photon recoil energy, and 
M is the mass of a Rb atom.  We verified that we had reached the Mott insulator phase 
by reproducing the time-of-flight images first observed by Greiner et al.18. 
We then studied the stimulated Raman photoassociation spectrum of the gas 
prepared by ramping the lattice strength to V0m = 16.7 ± 1.1 ER. After the 50 ms ramp, 
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and with the lattice beams and the magnetic trapping fields left on, we illuminated the 
gas with two additional coherent laser beams of frequency ω1 and ω2. Their respective 
wavevectors k1 and k2 were parallel. As shown in Fig. 1, a colliding pair of atoms of 
relative energy εf may simultaneously absorb a photon of wavevector k1, emit a photon 
of wavevector k2, and make a transition from its initially free state to a bound state of 
energy εb relative to the dissociation energy. We tuned the frequency ω1 by an amount 
∆/2π = 3.9 GHz to the red of a single-color photoassociation resonance to a 0g−(J=0) 
vibrational level at an energy approximately 28 cm−1 below the 52S1/2 + 52P1/2 
dissociation limit. We tuned the Raman frequency difference ωR = ω2 − ω1 near 
resonance with the stimulated Raman transition to the second-to-last l = 0 vibrational 
level of the |F=2, MF = − 2〉 adiabatic potential curve which asymptotically connects to 
the |f=1, mf = −1〉 +  |f=1, mf = −1〉 dissociation limit. This transition has previously 
been studied in the irreversible case for a condensate6,8, and a Mott insulator7. Here F 
and MF give the total spin and laboratory spin projection quantum numbers of the 
molecule, and l is the relative orbital angular momentum of the two atoms in the 
molecule.  
In this experiment, each atom finds itself trapped in the quantum ground state of a 
single lattice site for the duration of the Raman photoassociation pulse. The lattice 
potential near the minimum is approximately a spherical harmonic oscillator potential 
with vibration frequency ωv/2π ≈ (4ERV0m)1/2/h = 27 kHz. If an atom singly occupies a 
lattice site, it cannot undergo photoassociation. If two atoms occupy a lattice site, then 
their motion is separable into motions of the center-of-mass and of the relative 
separation R. The relative motion occurs with reduced mass µ in a spherically 
symmetric potential Vrel(R) consisting of the harmonic trapping potential (1/2)µωv2R2 
added onto the ordinary interatomic potential, as shown in Fig. 1. This has the effect of 
discretizing the first few energy states above the dissociation limit with a level 
separation hωv.  
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We first measured the fraction of atoms N(τ)/N(0) remaining in the gas as a 
function of the Raman difference frequency ωR, for a fixed Raman pulse duration τ = 30 
ms and for Raman laser intensities I1 = 11.7 W/cm2 and I2 = 6.5 W/cm2. The number of 
atoms was determined by measuring the total absorption by the atoms of a probe laser 
pulse tuned near an atomic transition resonance. Typical results are shown in Fig. 2a for 
N = 4.7 × 105 atoms, and in Fig. 2b for N = 2.4 × 105 atoms. Both spectra show a 
resonant depletion of atoms from the gas when the Raman frequency ωR is tuned near 
εb/h. The spectrum of Fig. 2a is split into two peaks, whereas that of Fig. 2b has a single 
peak.  
Because our gas is confined in a weak harmonic trap, its density is highest in the 
center and falls to zero at the edges. With the lattice on, with V0m = 16.7 ER, and with a 
central site occupancy nc ≥ 1 atom per site, the gas tends locally to be in an insulating 
state of the Bose-Hubbard model, and therefore to have a nearly quantized site 
occupancy, but that occupancy varies with position17. If nc = 2, a core of the gas with 2 
atoms per site is surrounded by a shell with 1 atom per site. Taking into account the 
Gaussian profiles of the lattice laser beam dipole forces, we estimate that this occurs in 
our experiment for total atom number between about 1.5 × 105 and 5 × 105. For higher 
atom number, we expect that nc = 3, so that a core of the gas with 3 atoms per site is 
surrounded by a shell with 2 atoms per site, which in turn is surrounded by another shell 
with 1 atom per site.  
We conclude that the resonance peak in Fig. 2b and the lower frequency peak in 
Fig. 2a arise from the photoassociation of two atoms in one lattice site to produce one 
molecule, and that the higher frequency peak in Fig. 2a arises from the photoassociation 
of three atoms in one site to make one atom and one molecule. As shown in Fig. 3, the 
transition for these two cases is not expected to occur at a Raman frequency of ωR = εb/h 
but rather at frequencies of  
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for the 2 and 3 atom resonances, respectively. Here, εb′ = εb + EAC, where EAC is the AC 
stark shift of the Raman transition by the photoassociation lasers, not shown in Fig. 3. 
ELa and ELm are the AC Stark shifts of the atom and molecule from the lattice laser 
beams at the lattice potential minima, and ωva and ωvm the vibration frequencies of an 
atom and molecule in a lattice site, respectively. We have studied the AC stark shifts 
induced by both the lattice and the photoassociation laser beams, and determined that 
ELm = 2ELa to within the accuracy of the data of Fig. 2. This implies that ωvm = ωva ≡ ωv, 
and that the approximate equalities in Eqs. 2 apply. Also, we found that EAC/h ≈ 75 kHz. 
The remaining 42 kHz of the shift of the two atom resonance from its unperturbed value 
of 636.010 kHz 6 is consistent with the value (3/2)ωv/2π + Uaa/h.  
The splitting between the two peaks of Fig. 2a is δωR = (ωR3 − ωR2) = (2Uaa − 
Uam)/h. Uaa is the contact energy between two atoms in one lattice site, and Uam is the 
contact energy between one atom and one molecule in the one lattice site, with  
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where a = λ/2 is the lattice period, aaa and aam are the atom-atom and atom-molecule 
scattering lengths, and ψa and ψm are the single-particle Wannier functions for the atom 
and molecule, respectively. The atomic scattering length is aaa = 100.4 ± 0.1 a0 25, where 
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a0 is the Bohr radius. At a lattice depth of V0m = 16.7 ER, numerical calculations of the 
Wannier functions give the result δaa = 33.4 and δam = 41.0, accounting also for a 2% 
reduction in δaa due to interaction-induced couplings to higher band states of the 
potential. Together with equations 2-3 above, the measured splitting δωR/2π = 3.00 ± 
0.13 kHz allows us to determine that the atom-molecule scattering length is aam = − 8 ± 
14 a0. The error in this result is much smaller than that of a previous result for the same 
quantity, −180 ± 150 a0 6, because the lattice discretizes the contact energy shifts and 
makes the calibration of atomic and molecular density much less uncertain.  
The 1.4 kHz width of the 2-atom peak is due primarily to power broadening. The 
power-broadened width of the 3-atom peak should be about 3  times larger, i.e. about 
2.4 kHz. Possibly, the observed 3.0 kHz width of this peak contains a contribution from 
the loss rate of particles in the final state due to inelastic atom-molecule collisions. 
Further quantitative studies of the linewidths would be required to establish whether this 
is the case. 
On resonance, the 30 ms duration Raman photoassociation pulse depletes more 
than 95% of the atoms from multiply-occupied sites, assuming that all three atoms are 
lost from triply occupied sites due to inelastic atom-molecule collisions. Therefore, the 
Raman photoassociation spectrum provides a quantitative measure of the distribution of 
site occupancies of the gas. From Fig. 2a, we can deduce that about 49% of the atoms 
resided in singly occupied sites, 28% in doubly occupied sites, and 23% in triply 
occupied sites. For the data of Fig. 2b, we deduce that about 33% of the atoms resided 
in doubly occupied sites and 67% in singly occupied sites. The triply occupied sites 
appear at a slightly lower atom number than our estimate, but otherwise the distributions 
are in qualitative agreement with what we expect based on our gas parameters.  
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We next measured the number of atoms remaining in the gas as a function of the 
Raman laser pulse duration, with the Raman difference frequency fixed onto resonance 
with the lower frequency peak, and with N = 2.8 × 105, V0m = 15.0 ± 1 ER, I1 = 20.0 
W/cm2 and I2 = 5.6 W/cm2.  As shown in Fig. 4, the system exhibits a clear, coherent 
Rabi oscillation. The figure shows a fit to the theoretical state population in a model in 
which a fraction F2 of the atoms undergoes a coherent oscillation on the atom-molecular 
transition with a Rabi frequency Ω and with a molecular population decay rate Γ. From 
the fit we obtain F2 = 0.308, Ω = 4126 s−1, and Γ = 179 s−1. The finite loss rate Γ 
presumably arises from the inelastic scattering of Raman laser photons by the 
molecules6,11. 
The implication of this result is that the central core of the gas, containing about 
30% of the atoms, oscillates between a Mott insulator state with two atoms per site, and 
a molecular gas with one molecule per site. At integer plus one-half multiples of the 
Rabi period 2π/Ω, the central core of the sample constitutes a quantum degenerate 
molecular gas. We cannot say whether this gas is a Mott insulator because we do not 
know the molecule-molecule interaction. At other times, the central core of the gas 
consists of a coherent superposition of an atom pair and a molecule at each site. The 
data of Fig. 4 illustrates the highest possible level of “quantum control” of pairs of 
atoms. Molecules are deterministically produced in a regular array, with every degree of 
freedom including their spatial coordinate and their ro-vibrational state exactly specified 
within the limits set by quantum mechanics. This high degree of control results from 
several factors18. The initial Mott insulator state has almost no entropy. Inelastic 
collisions are suppressed by the isolation of each atom pair in one lattice site. The 
quantization of the mean field shift eliminates a source of inhomogeneous broadening. 
Finally, the quantization of the continuum states suppresses generation of excited atoms 
due to pairing field effects13-15.  
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In summary, we have studied the Raman photoassociation of a gas of 87Rb atoms 
in a Mott insulator state. Due to atomic interactions, the stimulated Raman spectrum 
was resolved into separate lines corresponding to the different integer occupancies of 
the lattice sites. This allowed us to measure the distribution of occupancies of the lattice 
sites, and to determine the atom-molecule elastic scattering length. With the laser 
tunings fixed on Raman resonance for doubly occupied sites, we observed a reversible 
oscillation of the central core of the gas, containing about 30% of the atoms, between an 
atomic and a molecular quantum gas. This is the first observation of such a high degree 
of reversibility and coherence in a coupled atom-molecular gas. 
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Figure 1  Raman photoassociation of two atoms in an optical lattice site.  
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Figure 2  Raman photoassociation spectrum of atoms in an optical lattice for a 
total atom number (a) N = 4.7 × 105, and (b) N = 2.4 × 105. 
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Figure 3  Energy diagram illustrating (a) the Raman photoassociation of  two 
atoms in one lattice site to make one molecule, and (b) the Raman 
photoassociation of three atoms in one lattice site to make one molecule and 
one atom.  
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Figure 4  Fraction of atoms remaining in the gas as a function of the duration of 
a Raman photoassociation pulse, showing oscillation between an atomic and a 
molecular gas.   
 
